Mucociliary clearance velocities in bronchial airway generations were calculated in asymmetric multiple-path models of the bronchial tree by solving mass transport equations based on the assumption of conservation of mucus volume and normalized to measured tracheal mucus velocities of 5.5 mm/min for humans and 1.9 mm/min for rats. Average mucus velocities decreased in a roughly exponential fashion with increasing airway generation number in the human lung and displayed a distinct two-exponential relationship in the rat lung due to its asymmetric branching. In contrast to the human lung, mucus velocities in single airways of the rat lung exhibited a significant statistical relationship with airway diameters but not with generation numbers, illustrating the monopodial nature of the branching pattern in the rat lung. Retention curves reflecting the combined effects of deposition and clearance were computed for particle diameters of 0.1, 1 and 2 µm for resting breathing conditions. These retention curves indicated that ~10-15% of the particles initially deposited in the bronchial tree were still retained in the human lung after 24 h, while all particles in the rat bronchial tree were cleared after ~6-8 h.
INTRODUCTION
Currently available data on mucus velocities in tracheobronchial (TB) airways in human and rat lungs have been derived for symmetrically dividing lung structures (Hofmann et al., 1993; ICRP, 1994) , thereby neglecting the asymmetry of the branching pattern, which is particularly noticeable in the rat lung. However, Asgharian et al. (2001a) recently suggested that the use of an asymmetric lung structure for deposition and clearance calculations may partly explain the experimental observation of a slow bronchial clearance phase (Stahlhofen et al., 1990) . Thus the objectives of the present study were 2-fold: (i) to calculate mucus velocities for asymmetric multiple-path models of the bronchial airways in human and rat lungs; and (ii) to predict retention patterns for different particle sizes as the result of combined deposition and clearance calculations in both asymmetric lung models.
MATERIALS AND METHODS
Particle deposition and clearance in bronchial airway generations was calculated in asymmetric multiple-path models of the bronchial tree of the human and rat lungs. The TB airways of the rat lung were directly taken from the morphometric measurements by Raabe et al. (1976) for the Long-Evans rat (Anjilvel and Asgharian, 1995) , while the TB tree of the human lung was based on 10 stochastically generated asymmetric lungs (Asgharian et al., 2001b) . Due to the asymmetric branching pattern, which is most pronounced in the rat lung, the total number of bronchial airways along different paths can vary considerably. As a result, airways in the peripheral regions of the lung can still be conductive or already alveolated.
First, deposition of inhaled particles was computed for human resting breathing conditions (ICRP, 1994) and quiet breathing conditions for the Long-Evans rat (Anjilvel and Asgharian, 1995) . Clearance in bronchial airway generations was then calculated by solving mass transport equations based on the assumption of conservation of mucus volume (Asgharian et al., 2001a) and normalized to measured tracheal mucus velocities of 5.5 mm/min for humans (ICRP, 1994 ) and 1.9 mm/min for rats (Felicetti et al., 1981) . effects of deposition and clearance were computed for particle diameters of 0.1, 1 and 2 µm for a scenario of 1 h of exposure followed by a 48 h post-exposure period.
RESULTS
Average mucus velocities in bronchial airway generations and their fluctuations within a given generation of the human and rat lung are plotted in Figs 1 and 2. Average mucus velocities in the human lung decrease in a roughly exponential fashion with increasing airway generation number. In contrast, they display a distinct two-exponential relationship in the rat lung as a result of its asymmetric branching. The effect of the monopodial structure of the rat TB tree, as compared to the more symmetric branching pattern in the human lung, is further illustrated by the significant variability of mucus velocities in different airways of the same generation.
Previous deposition calculations have indicated that airway diameter is a more appropriate parameter for characterizing local particle deposition patterns in the rat lung than the commonly used airway generation numbers (Hofmann et al., 1999) , while both can be used for the human lung. Analogous computations of bronchial clearance revealed that this applies also to local clearance patterns. Mucociliary clearance velocities in single airways of the rat lung exhibit a significant statistical relationship with airway diameters but not with generation numbers, illustrating again the monopodial nature of the branching pattern in the rat lung. The best fit to the data was obtained by the relation where m v is the mucus velocity (mm/min) and d is the airway diameter (cm). In the case of the human TB tree, both parameters provide comparable fits. For example, the relationship between mucus velocity and airway diameter is given by the equation Particle retention, reflecting the combined effects of deposition and clearance, was computed for particle diameters of 0.1, 1 and 2 µm for a scenario of 1 h of exposure followed by a 48 h post-exposure period (Figs 3 and 4) . Retention curves, i.e. the fraction of mass retained in the TB region as a function of time, indicated that ~10-15% of the particles initially deposited in the bronchial tree were still retained in the human lung after 24 h (Fig. 3) , suggesting that long-term retention may be partly attributed to delayed bronchial clearance. The observed dependence of the slow clearance fraction on particle diameter is caused by differences in their initial deposition patterns. In contrast to the human lung, all particles deposited in the rat bronchial tree were cleared after 6-8 h (Fig. 4) .
CONCLUSIONS
Mucociliary clearance velocities in bronchial airway generations were calculated in asymmetric multiplepath models of the bronchial tree of the human and rat lungs. Average mucus velocities decreased in a roughly exponential fashion with increasing airway generation number in the human lung, while they exhibited a distinct two-exponential relationship in the rat lung due to its asymmetric branching. Average mucus velocities in human bronchial airways could be expressed mathematically either as a function of airway diameter or generation number. In contrast, average mucus velocities in single airways of the rat lung exhibited a significant statistical relationship with airway diameters but not with generation numbers, illustrating again the monopodial nature of the branching pattern in the rat lung.
Retention curves, reflecting the combined effects of deposition and clearance, indicated that ~10-15% of the particles initially deposited in the human bronchial tree were still present after 24 h, while all particles in the rat bronchial tree were cleared after 6-8 h. This finding suggests that the experimentally observed long-term retention may be partly attributed to delayed bronchial clearance from particles deposited in the most distant conductive airways. The dependence of the slow clearance fraction on particle diameter is caused by differences in their initial deposition patterns.
The results presented above were derived from asymmetric multiple-path models of the TB tree. This suggests that asymmetric models must be employed for the analysis and interpretation of retention curves in human and rat lungs. 
